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Supplementary Figures 

 

Supplementary Figure 1. Ex situ Co K edge XANES and EXAFS spectrum. (a) 

Co K edge XANES spectra of three different references, specifically CoPc, CoO and 

Co metal. (b) The corresponding phase-corrected Fourier transforms EXAFS 

(k3-weighted) from (a). 
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Supplementary Figure 2. Ex situ Co L edge NEXAFS spectrum. Soft X-ray 

absorption Co L3/2 edge spectra of py-B12 and pristine B12, exhibiting Co
2+

 and Co
3+

, 

respectively. The signals were collected from different mode. (a) Total electron yield 

(TEY). (b) Total fluorescence yield (TFY). 
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Supplementary Figure 3. Molecular Orbital Simulation and Co L3 edge 

simulated spectrum. (a) Optimized structures for the models of four-electron process 

(OO, O, OH, and H2O). (b) FEFF calculated Co L edge with the different oxygen 

species of four-electron process. (c) Optimized structures for the models of 

two-electron process (O2, H2O2, OH, and H4O2). (b) FEFF calculated Co L edge with 

the different oxygen species of two-electron process. If the reaction went through 

two-electron process, there would be no redshift in the XANES spectrum. XANES 

calculations were performed using DFT-optimized structures to theoretically examine 

Co L-edge XANES spectra related to oxygen-based adsorbates on the Co–corrin 

cluster. XANES calculations of Co were performed by the FEFF8 code. The 
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self-consistent potential and full multiple scattering were calculated at a 5.0-Å radius. 

In the initial input, a negative charge is equally allocated on every atom of a cluster. 

After self-consistent calculation, the charge would be redistributed correctly. To 

compare the experimental and calculated spectra, a rigid shift of 2 eV to higher energy 

was applied to each calculated spectrum.  
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Supplementary Figure 4. The Co L3 edge spectrum fitting. Soft X-ray absorption 

of Co L3 edge spectra of the as prepared py-B12 and under operando potential (@ 

0.6V), respectively. The peak fitting results were summarized in Supplementary 

Table 2. 
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Supplementary Figure 5. Ex-situ characterizations of electrocatayst. (a) Raman of 

py-B12 and pristine B12 [1], (b) FTIR of py-B12 and pristine B12 [1], (c) XPS of 

pristine B12 [2], (d) XPS of py-B12 and pristine B12 [2], (e) XRD of py-B12 and 

pristine B12 [3], and (f) XRD of B12 and Co2P [3]. In Raman spectra, the two strong 

peaks at 1330 and 1580 cm
-1

 are attributed to D- and G-peaks, respectively, of the 

carbon-like materials, suggesting that py-B12 forms a network structure of 

poly-aromatic hydrocarbons. Similar comparison of the FTIR spectra shows four 

characteristic peaks (A to D) for pristine B12. XPS suggested that the pyrolysis 

converts the nitrogen into pyridinic-like nitrogen and quaternary N-type nitrogen, 

with N
+
 at 398.7 eV and 401.4 eV. XRD presented that pristine B12 exhibits the same 

characteristic peaks as observed in the vitamin B12 reference pattern. 
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Supplementary Figure 6. Schematic diagram of in-situ spectroelectrochemical 

setups. (a) hard XAS in transmission mode and (b) flow cell for soft XAS in 

fluorescence mode. (c) Photo for the actual setup used in soft XAS. 
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Supplementary Tables 

 

Supplementary Table 1. The equivalent circuits fitting results. Analyses of the 

electrochemical impedance spectra with the respective equivalent circuits proposed in 

different operation conditions. The fitting elements were assigned to double-layer 

capacitance of catalyst layer (CDL), the charge transfer resistance (Rct), mass-transfer 

resistance (Rmt) and capacitance of reaction process (Crxn). Warburg impedance takes 

into account a finite diffusion. M is restricted linear ordinary diffusion impedance 

element with a reflective boundary. 
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Supplementary Table 2. The molecular orbital energy-level diagram. The d
7
 

electron D4h/S4 symmetry crystal field orbital and a hybridization orbital fitting 

between pre-catalytic and catalytic condition. 
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